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Routes to Chaotic Output from a Single-Mode, dc-Excited Laser
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Instabilities in a single-mode, Fabry-Perot, predominantly inhomogeneously broadened
xenon laser show progressions through increasingly complicated periodic behavior, ulti-
mately reaching a deterministic chaotic behavior, Period doubling, two-frequency, and
intermittency routes to chaos have been observed.

PACS numbers: 42.55.Bi, 05.40.+j, 42.65.Bp

It has long been predicted that homogeneously
broadened single-mode, cw lasers would be sus-
ceptible to dynamic instabilities above the thresh-
old for lasing action.!™ In the last few years it
was discovered by Casperson® and confirmed by
others”® that inhomogeneously broadened lasers
have a remarkably low threshold for the onset of
instabilities (requiring gain only a few percent
above that necessary for laser action rather than
the ninefold increase required for homogeneously
broadened lasers). In all cases the single-mode
instability requires that the decay rate for the
field inside the laser cavity, «, exceed the relax-
ation rate of the atomic polarization. This “bad
cavity” requirement restricts the suitable laser
media to only a few high-gain systems.®

In previous reports'®!! we have examined the
thresholds for single-mode instabilities in xenon
Fabry-Perot lasers using the high-gain infrared
transition at 3.51 um. Those preliminary studies
showed that instabilities depended on the laser
cavity tuning, the gain of the active medium, and
the degree of homogeneous broadening. P eriod
doubling of the observed pulsations (alternation
of the pulse heights) was found,'* confirming ear-
lier observations by Casperson.® The studies re-
ported here include data from systematic varia-
tion of parameters, revealing particularly inter-
esting changes of stable periodic behavior and the
onset of chaos.

The laser under study employed a dc-excited
xenon gas discharge tube with an active region 1
mm in diameter which was fitted with quartz win-
dows at Brewster’s angle. (See Refs. 10 and 11
for schematic details.) The laser cavity length
of 16.5 cm gave a free-spectral range of 909 MHz
as compared with the Doppler-broadened full
width at half maximum of the single isotope en-
riched (91% *®Xe; 9% '**Xe) xenon gas of 110
MHz. The homogeneous linewidth includes both
the spontaneous decay rate and pressure broaden-
ing.!' « could be varied by the insertion of one
or more apertures which were sometimes essen-

tial to suppress transverse modes and thus to in-
sure single longitudinal mode operation.

Heterodyne detection of the laser signal mixed
with a reference laser standard permitted meas-
urements of the optical frequency of the unstable
laser to supplement records of the average power
output. With use of a fast storage oscilloscope
and an rf spectrum analyzer, single-shot real-
time intensity traces and time-average power
spectra were also recorded. The details of this
detection system have been discussed previously'?
and have led to many other interesting observa-
tions which will be presented elsewhere.

Most of the general features of the average in-
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FIG. 1. Laser power output (solid line) and pulsation
frequencies vs laser cavity detuning for 175-mTorr Xe,
0.7-Torr He, and 1.43 mA, Total collision-broadened
decay rate y=(6.1+0.3) x 10" s~!, x=(3.340.5) x 10% 51,
The average mode pulling was a factor of 3.6 and the
laser threshold parameter, 4, was 2.3. Top inset in-
dicates regions of periodic behavior (period 1, P1;
period 2, P2; period 4, P4) and chaotic behavior (chaos
with period 4, C4; chaos with period 3, C3) in a narrow
detuning range. See Fig. 2 for details of these regions.
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FIG. 2. Power spectra (resolution 1 MHz) of laser output intensity for different detunings in the expanded scale
region of Fig, 1 showing period-doubling route to chaos. Spectra are taken from (a) to (e) as samples from the P1,

P2, P4, C4, and C3 regions of Fig. 1.

tensity of a stable inhomogeneously broadened
gas laser persisted when the laser showed unsta-
ble output. Figure 1, for example, shows a sam-
ple power output curve with the expected Lamb
dip. The slight asymmetry about the Lamb dip is
due primarily to dispersion focusing effects.'
Figure 2 shows samples of the power spectrum
of the laser intensity for particular parameters.
The locations of the spectral peaks are plotted in
Fig. 1 for the full range of detuning of the laser.
The peaks are narrow but have nonzero widths
above the instrumental linewidth of 1 MHz. The
minimum linewidth is due in part to the amplitude
and phase noise of the residual broadband-ampli-
fied spontaneous emission in the laser output.
The pulsation frequencies change rapidly with
detuning near the Lamb dip. This can be under-
stood as arising in part from the overlapping of
the complicated dispersion of the two spectral
holes burned in the Doppler-broadened gain pro-
file by the counter-propagating waves.'* The fact
that the pulsation patterns depend critically on
the cavity detuning indicates that the periodic and
chaotic phenomena have origins in field-atom dy-

namics.

Period-doubling voute to chaos — The sequence
of spectra in Fig. 2 shows simply periodic be-
havior [Fig. 2(a)] followed by two period doublings
[Figs. 2(b) and 2(c)] and then a chaotic spectrum
[Fig. 2(d)] where the broadband noise has filled
the spectrum between the originally separated
peaks. Above the chaotic threshold a region of
period-three behavior [Fig. 2(e)] is also ob-
served. This sequence is representative of many
seen at various discharge currents. We have
also observed parts of similar sequences for
fixed cavity length as the gain was varied. Such
scans have been limited by restrictions on the
range of the discharge current.

This period-doubling sequence is one of only a
few seemingly universal routes to chaos identi-
fied in many other nonlinear systems.!®> The
truncation of the expected infinite sequence of
period doublings may be due to the narrowness
of the regions of parameter space which support
the higher periodicities but in this case it is
more likely to be linked to intrinsic spontaneous-
emission noise of the system. It has been previ-
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FIG. 3. Power spectra (resolution 1 MHz) of laser output intensity for different values of the discharge current
(laser gain variations) for 175-mTorr Xe and 0.3-Torr He [y=(3.8+0.2) x 107 s~!; k=(3.3+0.5) x 10® s ], Second
pulsation frequency £, is identified as the strongest new peak to emerge in (b). Secondary combination tones appear
in (b) leading to chaos in (e). Currents and relative average power outputs are (a) 0.52 mA, 5.0; (b) 0.67 mA, 6.9;
(¢) 0.89 mA, 9.0; (d) 1.3 mA, 11.6; (e) 1.6 mA, 12,0 (»=2.2).
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ously shown that added noise can lead to a trunca-
tion of the sequence of period doublings and a pre-
mature transition to chaos.'®

Aside from the analytic comparison with the
Lorenz equations as a special case, few detailed
predictions have been made for laser equations
or for the inhomogeneously broadened case in
particular. Recently a dynamical model devel-
oped by Casperson has shown evidence of such a
period-doubling sequence into chaos for realistic
xenon parameters.’

Two-frequency route to chaos.—In some re-
gions of detuning the laser would show the coexis-
tence of two initially incommensurate frequencies.
Figure 3 shows a sequence of power spectra in
such a region taken for fixed cavity detuning as
the discharge current (and thereby the gain) was
increased. The data show an initial pulsation
frequency and its harmonics [Fig. 3(a)] followed
by the onset of a second pulsation frequency
[Fig. 3(b)]. The second frequency appears to
quickly lock to a 4:3 ratio with the first. For
higher gain the spectrum is enriched by the har-
monics and combination frequencies of the two
pulsation frequencies. At sufficiently high gain
the broadband noise characteristic of chaos
emerges. We have also observed a two-frequency
route to chaos for fixed gain by varying the cavi-
ty length.

Stability analyses of the laser equations have
shown that the steady-state solution will often
have two pairs of complex-conjugate eigenvalues
which go unstable in turn.*® While dynamical re-
sults from these studies are not yet available,
(and are required to understand the breakdown of
periodic solutions) it appears that the observed
two frequencies may reflect the two eigenvalues
of the steady-state solution.

This second route to chaos is expected in multi-
variable systems where the two-frequency be-
havior is linked to a solution constrained to a
torus in parameter space. The fact that the two
frequencies lock is not uncommon, but the link
between chaos and two locked (commensurate)
frequencies has only recently been explained.!”

These two routes to chaos are strongly analo-
gous to the classic routes to chaos studied recent-
ly in fluids.!® It seems likely that the link of
fluids and lasers by the Lorenz equations'® pro-
vides reasons for strong similarities.

Thivd voute to chaotic behavior.— Another dis-
tinct route to chaos has been observed for certain
laser parameters and is shown in Fig. 4. Here
the initial instability is characterized by a nar-
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FIG. 4. Broadening of pulsation spectral peaks (reso-
lution 100 kHz) with increasing discharge current for
175-mTorr Xe and no helium [y=(2.0+0.1) x 107 s,
k=(3.3+0,5) x 10% s-!]. Discharge currents and relative
average power outputs are (a) 0.83 mA, 6.2; (b) 0.91
mA, 6.7; (c) 1.0 mA, 7.3; (d) 1.2 mA, 8.3; (e) 1.5 mA,
9.5.
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row spectral peak which is, nevertheless, broad-
er than the instrumental linewidth [Fig. 4(a)].
This periodic behavior becomes increasingly
chaotic as evidenced by the significant broadening
of the peaks as the gain is increased. Intermit-
tent chaotic behavior near a tangent bifurcation
may be at work here.'> The spectrum analyzer
averages over 20-50 ms while the basic pulsation
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rate is 10 MHz. Increasingly frequent, intermit-
tent bursts of chaos for increasing gain would re-
sult in a steady broadening of the peaks.?®

The single-mode, dc-excited, inhomogeneously
broadened laser has shown a richness of instabil-
ities similar to that found recently in fluid dy-
namics and other nonlinear systems. Recently
such phenomena have also been observed in multi-
mode laser systems®'? in a related, but theoreti-
cally distinct,?* type of dynamical system. The
appearance of previously identified routes to
chaos adds to the universality of those progres-
sions. However, the Fabry-Perot geometry and
other free parameters (particularly cavity de-
tuning) appear to add a variety of phenomena not
found in other simpler models. Details of these
anomalies will be reported elsewhere.®
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